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PROTON AND DEUTERON DOUBLE DIFFERENTIAL CROSS SECTIONS AT
ANGLES FROM 10° TO 60° FROM Be, C, Al, Fe, Cu, Ge, W, AND Pb
UNDER 558-MeV-PROTON IRRADIATION
Sherwin M. Beck and Clemans A. Powell
Langley Research Center
SUMMARY
The double differential cross sections (mb/sr-MeV) for the production of protons
and deuterons from targets of Be, C, AI, Fe, Cu, Ge, W, and Pb have been obtained at
laboratory angles of scatter of 10 °, 20 °, 30 °, 40 °, 50 °, and 60 ° for 558-MeV incident
protons. A quasi-elastic peak is discernible in the cross sections up to approximately 40 °
for all targets used. The position of the peak corresponds closely to the theoretical
predictions for proton-proton elastic scattering at an incident proton energy of 558 MeV.
The mean ratio of deuteron to proton energy-integrated cross sections (mb/sr)
is 0..056 + 0.008. The dependence of energy-integrated cross sections (mb/sr) for both
protons and deuterons on target mass number A varies from A 1/3 at an angle of
scatter of 10 ° to A 2/3 above approximately 30 °.
The ratio of energy-integrated deuteron cross sections (mb/sr) for quasi-elastic
processes to deuteron cross sections for reactions yielding a deuteron--pi-meson pair
is approximately 10 percent. The shape of the deuteron cross-section spectra at angles
above 20 ° is generally better described by an exponential law in the kinetic energy of the
deuteron in contrast to a power law reported for deuterons produced in the interaction
of 300-MeV protons with nuclei.
INTRODUCTION
This report contains experimental cross sections from a research program to study
the particle types emitted from materials under proton irradiation at the NASA Space
Radiation Effects Laboratory (SREL). This program was designed to supplement the
experimental space shielding studies performed by the Oak Ridge National Laboratory
(ORNL) and partially sponsored by NASA. (See refs. 1 to 5.) The principal motivation
for the ORNL and NASA in-house experimental studies was to obtain cross-section data
to determine the shield effectiveness of spacecraft structural materials against the space
radiation environment and to identify biologically important secondary particles produced
in nuclear reactions.
In the interaction of high-energy particles with nuclei of materials or biological
systems, a large number of secondary particles are produced which interact with other
nuclei to produce additional secondary particles. To understand the extent of particle
buildup, the particle types, numbers, angular distributions, and energy spectra must be
measured. The data of this report consist of secondary proton and deuteron cross
sections differential in energy and angle for targets bombarded by 558-MeV protons at
various scattering angles.
At the beginning of this program, iittle experimental proton-nucleus interaction
data were available at proton energies between 300 and 1000 MeV. For 300-MeV incident
protons, some proton, deuteron, and triton cross-section data had been obtained at angles
of 26 °, 40 °, and 60 ° for targets of Li, C, A1, Cu, Cd, Pb, and U. (See ref. 6.) In Russia,
at the Joint Institute for Nuclear Research in Dubna, one experiment had been performed
to measure the proton secondaries emitted at laboratory angles of 7°, 12.2 °, 18 °, 24 °,
and 30 ° from targets of Be, C, Cu, and U under 660-MeV-proton irradiation. (See ref. 7.)
However, the present program was designed to measure both secondary protons and
deuterons at angles up to 60 ° to assess the contribution of deuterons to the total radiation
dose within a vehicle in the space environment. During the course of these experiments
at SREL, researchers at the Dubna synchrocyclotron reported their additional measure-
ments of secondary protons and heavier particles up to angles of 16 ° from materials
irradiated with approximately 660-MeV protons. (See refs. 8 to 11.)
Three sets of scattering data were obtained at the SREL synchrocyclotron. The
first set of data, which is the basis of this report, consisted of the energy distributions of
secondary protons and deuterons from targets of Be, C, A1, Fe, Cu, Ge, W, and Pb irradi-
ated with 558-MeV protons at laboratory angles of 10 °, 20 °, 30 °, 40 °, 50 °, and 60 °.
/
The second data set was obtained by using 558-MeV protons on thin targets (approxi-
mately 2 g/cm 2) of Be, C, Mg, A1, Ti, Fe, Ni, Cu, Zr, Ag, Sn, Nd, W, Au, and Pb at anglesl
of 10 °, 20 °, 30 °, 40 °, and 50 °. In the third experiment, thin targets ll to 2 g/cm 2) of Be,
A1, Fe, Ag, and Au were bombarded by 700--MeV alpha particles, and the energy distri-
butions of secondary protons, deuterons, tritons, helium-3 particles, and helium-4 parti-
cles were obtained at angles of 6°, 10 °, 15 °, 20 °, 30 °, and 40 °.
In this report the differential cross sections derived from the first set of measure-
ments are given for secondary proton and deuteron production. The cross sections are
presented in tabular and graphic form.
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SYMBOLS
A mass number
a,b constants
E scattered-particle kinetic energy, MeV
E o incident proton kinetic energy, MeV
m,n constants
proton rest mass, 938.256 MeV
constants
laboratory angle of scatter, deg
6 cross section, mb
solid angle, sr
EXPERIMENTAL CONDITIONS
The proton beam from the synchrocyclotron at the NASA Space Radiation Effects
Laboratory (SREL) was transported to the proton target area by a 25-element magnetic
system. (See fig. 1.) The beam spot at the target was circular in cross section with a
diameter of 2.6 cm. The divergence of the beam measured over a 6-m length was less
than 0.003 rad. The proton beam energy was measured to be 558 + 7 MeV by using a
focused Cerenkov radiation detection system. (See ref. 12.) The extracted proton beam
characteristics of the SREL synchrocYclotron are given in reference 13. In brief, the
proton beam had macrobursts at frequency F = 55 Hz of duration T = 20 to 110 _tsec
and microbursts of approximately t = 8 nsec at a frequency f _ 17.5 MHz which gave
a duty cycle of FTtf = 1.5 × 10 -4 to 6.2 × 10 .4 Hz 2 -sec 2. The incident proton beam
current was measured with two identical helium-filled ion chambers (ref. 14). The ion
chambers were calibrated against the SREL Faraday cup (ref. 15).
Secondarychargedparticles from the target were detected with a two-parameter
scintillation spectrometer system shown in figure 2 and explained in detail in refer-
ence 13. The system measured both the time of flight of secondary charged particles over
a 488-cm flight path and the energy deposited in a plastic scintillator, 12.7 cm in diameter
and 30.48 cm long. The time resolution of the system was 0.39 nsec, which gave a calcu-
lated energy resolution of 7.75 percent at 558 MeV and 1.6 percent at 50 MeV for protons.
The energy resolution of the large scintillator was approximately 9 percent up to
200 MeV for protons. The system clearly separated protons from deuterons up to a
deuteron energy of approximately 370 MeV.
In order to eliminate, as far as possible, the effects of beam pileup in the detection
system, the average proton beam current for a given target and angle was adjusted to
give an average system count rate between 50 and 60 counts per second, or approximately
1 count per macroburst. The arrangement and performance of the detector system are
given in reference 13.
The thicknesses of the targets used are listed in table 1 along with the angles. All
targets were commercially available and were of natural isotopic abundance. The targets
were approximately 10 cm square or larger with the exception of the beryllium and ger-
manium targets which were 5.08 cm by 7.62 cm and 3.8 cm by 5.2 cm, respectively. All
targets were of uniform thickness.
DATA ANALYSIS
Details of data analysis and correction to the experimental data are given in ref-
erence 13. The largest correction to the data involved a calculation of the multiple scat-
tering from [he first set of detectors shown in:figure 2. The data were also corrected for
energy loss through the spectrometer. Both corrections were obtained through Monte
Carlo calculations. The uncertainty in the cross-section values varies with particle
energy from +9.3 percent at 50 MeV to +11.4 percent at 558 MeV for protons, and from
+8.0 percent at 90 MeV to +8.3 percent at 350 MeV for deuterons.
RESULTS AND DISCUSSION
The proton and deuteron double differential cross sections are shown in figures 3
to 10 as composite graphs for each target element. The most prominent feature of the
proton cross sections is the quasi-elastic scattering peak which is discernible up to 30 °
to 40 °. In figure 11 the energy of the quasi-elastic peak is plotted as a function of labora-
tory angle of scatter with aluminum as the target. The solid curve represents relativistic
4
elastic proton-proton scattering for incident proton energy
tion is
Eo of 558MeV. The rela-
Eo cos2 8
E° sin 2 O
1 + 2--_p
iwhere 8 is laboratory angle of scatter, mp is the rest mass of the proton
i(938.256 MeV), and E is the kinetic energy of the proton scattered at angle 8.
The excellent agreement of the data with free proton-proton scattering theory indi-
cates that the incident protons, after suffering one collision within the nucleus, can then
escape without further interactions. One is then led to the conclusion that, at an incident
energy of 558 MeV and forward scattering angles, the observed protons arise from
proton-nucleon collisions on or near the nuclear periphery.
In figure 12 the widths of the quasi-elastic peaks, expressed as the peak full width
at half maximum in MeV, are given as a function of target mass number. The large
uncertainty in the widths at 10 ° is related to the energy resolution of the detection system.
The data at 20 ° and 30 ° indicate a slight increase with increasing atomic weight; however,
the data at 10 ° are too poor to draw conclusions. The solid lines are used as a guide only.
The continuum spectra below the quasi-elastic peak for beryllium (fig. 3(a)) and
carbon (fig. 4(a)) are assumed to arise predominantly from the inelastic scattering
processes of pi-meson production with some admixture of multiple scattering processes.
Note that the rate of increase in the cross section with decreasing energy is relatively
slow for both elements from 10 ° to 60 °. This indicates a minor degree of thermalization
via multiple scattering within these light nuclei. However, in aluminum (fig. 5(a)) and
heavier nuclei the increasing rate of growth of the continuum spectra with the size of the
nucleus indicates the increasing importance of multiple scattering processes.
The energy-integrated cross sections for the emission of secondary protons as a
function of laboratory angle of scatter are given in table 2 and the same data are shown
in figure 13. The values of da/d_ smoothly decrease with increasing emission angle.
The approximate dependence of da/d_2 on the mass number A was assumed to
be aA fl where a and B are constants. The values of the constants Were obtained
by a least-squares fit to the data as shown in figure 14. These values of a and t9 are
tabulated in table 3 along with similar values from reference 7. In figure 15 the data of
table 3 are plotted as a function of laboratory angle of scatter to show the dependence of
-_j
the energy-integrated cross sections on the exponent 8. The exponential dependence on
mass number is nearly the same for angles from 20 ° to 40 ° for both sets of data. The
values of /_ at 10 ° are close to 1/3 which indicates that the cross section for quasi-free
scattering is proportional to the nuclear circumference. The value of _ increases with
increasing angle to approximately 2/3 near 40 ° and remains nearly constant at higher
angles. The approximate _ = 2/3 dependence of the cross sections on the mass number
indicates that the secondary particles at higher angles are produced by interactions within
the nucleus.
The energy-integrated deuteron cross sections are listed in table 4 and plotted as
a function of laboratory angle of scatter in figure 16. The same dependence on mass
number, uA _, was assumed for the deuteron cross sections, and _ and /3 were
Obtained by a least-squares fit to the data as shown in figure 17. The values of a and
from this experiment and values of _ from reference 11 are given in table 5. Values
of _ are plotted as a function of laboratory angle of scatter in figure 18. Again, the
exponential dependence on mass number agrees with the present data. The variation
of /3 with laboratory angle appears to be the same for both protons (fig. 15) and deuterons
up to approximately 25o; however, the value of _ for deuterons appears to increase with
increasing angle, whereas the proton data indicate a nearly constant value of /3 above 40 °.
The deuteron cross sections used to obtain values of _ in reference 11 and for the data
of this experiment correspond to proton-nucleus interactions which are assumed to
produce a deuteron--pi-meson pair.
The quasi-elastic scattering of protons by two-nucleon clusters to produce fast
deuterons is shown in figure 19. This deuteron energy spectrum at a laboratory angle
of scatter of 10 ° for a beryllium target contains a small peak close to the energy of
elastically scattered deuterons (493 MeV). In table 6 the cross sections for the quasi-
elastic production of deuterons obtained in this experiment at 10 ° are listed along with
data from reference 11 for deuterons produced at 9.5 °. The cross-section values obtained
in the two experiments on the same elements are the same within the quoted errors. The
ratio of deuteron cross sections for quasi-elastic processes to cross sections for deu-
terons from reactions yielding a deuteron--pi-meson pair is approximately 10 percent
which is also in agreement with the results of reference 11.
In table 7 cross sections of this experiment are listed with data from other experi-
ments on the same or similar targets with incident proton energies from 160 MeV to
660 Mev. In every case where data are available at the same angle for the same target
material, the results at 660 MeV are higher than the data at 558 MeV, and the cross
sections at 450 MeV are always less than those at 558 MeV. In figure 20 the available
cross sections for aluminum, carbon, and beryllium at a laboratory angle of 30 ° are
plotted as a function of incident proton energy. From these data the cross sections for
secondary proton production go through a shallow minimum for incident proton energies
near 400 MeV and then increase rapidly with increasing incident energy.
In table 8 the ratio of deuteron to proton energy-integrated cross sections (mb/sr)
is given for each element and angle used in this experiment. The ratio varies from a
minimum of 3.5 percent for beryllium at 60 ° to a maximum of 7.6 percent for tungsten
at 50°. The average of all ratios is 0.056 ± 0.008. With the exception of beryllium and
aluminum the ratio goes through a broad maximum near 30 °, and, in each case, the value
of the ratio is less at 60 ° than at 10 °. In addition, the ratio at each angle increases
slightly With atomic weight.
The deuteron production observed in reference 6 from targets bombarded by 300-MeV
protons was attributed to an incident pickup process where the energy dependence of the
pickup probability was assumed to vary as a power law in the kinetic energy of the scat-
tered nucleon, mE "n. From their data the authors of reference 6 concluded that the
energy dependence of the pickup probability was best given by E -2 or E -3 at angles
of 26 °, 40 °, and 60 °. By way of comparison, the deuteron cross-section data of this
report show that the exponent n varies with angle from approximately 1.1 at 20 ° to 3.1
at 60 °. However, the data at angles above 20 ° are not generally well matched by a power-
l_/w curve as shown in figure 21. The exponential curves shown in the same figure have
the form ae -E/b where a and b are constants. For the data shown the exponential
curves give superior fits to the cross-section data. The parameters n and b for the
power-law and exponential curves are given in table 9 for all proton and deuteron data
obtained in this study. The curve associated with a footnoted entry gives a superior fit
to the data on the basis of the following criteria. The goodness-of-fit parameter is for
the power-law curve,
Xp . m inf:
mEi-n
i
and for the exponential curve,
X e
1-/d2<,\ -l db-I2
j
ae-Ei/b
i
where the summation is performed over the cross-section data for a particular angle and
target. The curve that more closely matches the data has the smallest value of X.
Becauseof scatter in the data, the curve that yields a value of X at least a factor of 2
smaller than the value for the other curve is considered a superior fit to the data. If
the difference between the two values of X is less than a factor of 2, then both curves
are considered equally good fits to the data.
As indicated in table 9(a), the proton data below the quasi-elastic peak can generally
be described by either a power-law curve or an exponential curve. However, the deuteron
data in table 9(b) for aluminum and heavier elements are generally better described by
an exponential curve, decreasing with increasing particle energy. The disagreement
between the shapes of the deuteron spectra in this report and those of reference 6 is
probably the result of deuterons produced in the pi-meson production process.
The double differential cross sections (mb/sr-Mev) for the production of sec-
ondary protons and deuterons from targets of Be, C, A1, Fe, Cu, Ge, W, and Pb are given
in tabular and graphic form as follows:
Table Figure
Proton cross sections:
Beryllium (Be) ..................... 10 3(a)
Carbon (C) ...................... 11 4(a)
Aluminum (A1) ..................... 12 5(a)
Iron (Fe) ....................... 13 6(a)
Copper (Cu) ...................... 14 7(a)
Germanium (Ge) .................... 15 8(a)
Tungsten (W) ..................... 16 9(a)
Lead (Pb) ....................... 17 10(a)
Deuteron cross sections:
Beryllium (Be) ..................... 18 3(b)
Carbon (C) ...................... 19 4(b)
Aluminum (A1) ..................... 20 5(b)
Iron (Fe) ....................... 21 6(b)
Copper (Cu) ...................... 22 7(b)
Germanium (Ge) .................... 23 8(b)
Tungsten (W) ..................... 24 9(b)
Lead (Pb) ....................... 25 10(b)
In the proton data tables, cross-section values greater than zero are shown at
energies greater than the incident proton energy of 558 MeV. This apparent discrepancy
is due to the large uncertainty in the secondary proton energy at higher energies and, to
a much smaller extent, to pi-meson contamination of the high-energy proton spectra.
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SUMMARY OF RESULTS
Double differential cross sections (mb/sr-MeV) for the production of protons and
deuterons from Be, C, A1, Fe, Cu, Ge, Pb, and W have been obtained at laboratory angles
of scatter of 10 °, 20 °, 30 °, 40 °, 50 °, and 60 ° for 558-MeV incident protons.
The following results have been obtained from this investigation:
1. A quasi-elastic proton peak is discernible in the cross sections up to approxi-
mately 40 ° for all elements used. If the energy corresponding to the quasi-elastic peak
is plotted as a function of angle of scatter, the points lie almost exactly on the theoretical
curve for proton-proton elastic scattering at an incident proton energy of 558 MeV.
2. A comparison of proton and deuteron energy-integrated cross sections obtained
at 660 MeV with those of this report shows that both sets of data give nearly the same
dependence on the mass number of the target element. The data indicate that at 10 ° the
secondary proton and deuteron spectra arise primarily from interactions on the nuclear
periphery. At larger angles the dependence of the cross section (mb/sr) on the target
mass number A changes rapidly from a 1/3 power of A to a 2/3 power of A.
3. The ratio of deuteron energy-integrated cross sections (mb/sr) for quasi-elastic
processes to deuteron cross sections for reactions yielding a deuteron--pi-meson pair
is approximately 10 percent.
4. The mean ratio of the deuteron to proton energy-integrated cross sections
(mb/sr) is 0.056 + 0.008. The individual ratios show a weak dependence on the atomic
weight.
5. The shape of the deuteron cross-section spectra at angles of scatter above 20 °
is generally better described by an exponential law in the kinetic energy of the deuteron
in contrast to a power law reported for deuterons produced in the interaction of 300-MeV
protons with nuclei.
Langley Research Center
National Aeronautics and Space Administration
Hampton, Va. 23665
January 16, 1976
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TABLE I.- PARAMETERS OF CHARGED-PARTICLE MEASUREMENTS
Element
Beryllium (Be)
Carbon (C)
Aluminum (AI)
Iron (Fe)
Copper (Cu)
Germanium (Ge)
Tungsten (W)
Lead (Pb)
Thickness,
g/cm 2
2.35
.95
1.82
3.77
2.79
5.26
3.05
3.91
Angle of scatter,
deg
(a)
I0, 20, 30, 50, 60
I0, 20, 30, 40, 50, 60
I0, 20, 30, 40, 50, 60
I0, 20, 30, 40, 50, 60
10, 20, 30, 40, 50, 60
10, 20, 30, 40
10, 20, 30, 40, 50, 60
I0, 20, 30, 40, 50, 60
aAngles are measured between the incident proton beam center line
and the spectrometer axis. The beam, target, and spectrometer axes are
in the same plane.
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TABLE 3.- CONSTANTS OF EQUATION dc;/d_ = uA/9 FOR PROTONS
0, Present data Reference 7
deg _ _ _
10
18
20
24
30
40
50
60
154
39
18
13
10
5.3
0.38
.53
.61
.63
.62
.68
61.2
36.2
21.2
12.0
0.53
.58
.67
.71
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TABLE 5.- CONSTANTS OF EQUATION d(r/d_ = 0/A_ FOR DEUTERONS
deg
6.5
9.5
10
13.5
16.0
20
30
40
50
60
Present data
0/
6.6
1.8
.78
.74
.39
.16
0.43
.59
.69
.64
.72
.80
from reference 11
(a)
0.34
.40
.46
.52
aData taken from figure 6 of reference 11 for (p,dn) reaction.
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TABLE 6.- ENERGY-INTEGRATEDCROSSSECTIONSFORTHE
QUASI-ELASTICSCATTERINGOF DEUTERONS
Target
element
Be
C
A1
Fe
Ge
Cu
Pb
W
Energy-integrated cross section,
10 °
2.9 +0.5
2.6 • .4
3.7 ± .6
4.5 :t .8
3.4 ± .6
3.8 ± .6
7.0 ± 1.2
8.2 ± 1.4
aData from reference II for p<2N> - Nd
mb/sr, at angle of scatter of -
9.5 °
(a)
reaction.
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Figure 3.- Continuum spectra from beryllium target, 2.35 g/cm 2 thick.
Incident proton energy, 558 + 7 MeV.
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Figure 4.- Continuum spectra from carbon target, 0.95 g/cm 2 thick.
Incident proton energy, 558 ± 7 MeV.
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Figure 4.- Concluded.
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Figure 5.- Continuum spectra from aluminum target, 1.82 g/cm 2 thick.
Incident proton energy, 558 ± 7 MeV.
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Figure 5.- Concluded.
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Figure 6.- Continuum spectra from iron target, 3.77 g/cm 2 thick.
Incident proton energy, 558 ± 7 MeV.
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Figure 6.- Concluded.
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Figure 7.- Continuum spectra from copper target, 2.79 g/cm 2 thick.
Incident proton energy, 558 + 7 MeV.
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Figure 7.- Concluded.
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Figure 8.- Concluded.
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Figure 9.- Continuum spectra from tungsten target, 3.05 g/cm 2 thick.
Incident proton energy, 558 + 7 MeV.
10 °
125
_>
L
m
m
w
¢J
100
600
(b) Deuterons.
Figure 9.- Concluded.
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Figure 10.- Continuum spectra from lead target, 3.91 g/cm 2 thick.
Incident proton energy, 558 + 7 MeV.
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Figure 10.- Concluded.
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Figure 13.- Angular variations of energy-integrated proton cross sections.
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Figure 14.- Variation of energy-integrated proton cross
sections with target mass number.
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Figure 15.- Dependence of energy-integrated proton cross sections on
exponent /_ as a function of laboratory angle of scatter.
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Figure 16.- Angular variation of energy-integrated deuteron cross sections.
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Figure 17.- Variation of energy-integrated deuteron cross
sections with target mass number.
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Figure 18.- Dependence of energy-integrated deuteron cross sections on
exponent /3 as a function of laboratory angle of scatter.
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Figure 19.- ExPerimental cross sections for quasi-ela_tic deuteron production.
Beryllium target, 2.35 g/cm 2 thick; 0 - 10°; 558-MeV incident protons.
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Figure 20.- Variation of energy-integrated proton cross section
with incident proton energy. 8 = 30 °.
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Figure 21.- Energy dependence of secondary deuteron cross section from iron
target, 3.'/'/g/cm 2 thick. The power-law curve mE -n and the exponential
curve ae "E/b were fitted to data by method of least squares. See table 9(b)
for values of parameters.
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Figure 21.- Continued.
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Figure 21.- Continued.
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Figure 21.- Continued.
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Figure 21.- Concluded.
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